Abstract-A Tantalum Pentoxide (Ta2O5) based resistive nonvolatile memory device with bipolar switching behaviour was developed to demonstrate the new concept of memory in e-skin. The memory device showed stable switching behavior under preprogrammed voltage stimuli after an initial forming process. The memory cell was then integrated with a commercial tactile sensor with a new interface circuit, which enabled the switching of the memory cell through the electrical output from the sensor. This study provides a novel method for handling the transport and storage of large tactile data and will trigger advances towards memorable e-skin
INTRODUCTION
Electronic-skin (e-skin) capable of tactile imaging and quantification of the contact parameters such as temperature, pressure and texture, has attracted significant attention for applications such as robotics and prosthetics [1] [2] [3] [4] [5] . Various strategies have been explored over past two decades to develop e-skin with these capabilities. For example, sensors and transistors based on organic material have been demonstrated on polymer based flexible substrates. Benefiting from the intrinsic deformable properties of organic material, naturally flexible and stretchable electronic systems have been developed. Other wellstudied methods include a mix of rigid, and flexible components integrated on flexible substrates. Irrespective of the technology, the current focus in the field of e-skin remains on the integration of multiple types of sensor and the improvement of mechanical deformability. Data recording and management over extended periods have seldom received any attention. For example, e-skin research has not explored human-skin like capacity to remember contact conditions over a period of time. The work presented here explores this new direction by considering e-skin with distributed memristors. With such integration strategy, the eskin is able to not only detect the short term stimuli from external environment, but transform it to a long term information storage without power supply as well. We believe this work can enrich the study of e-skin and can be explored in the future for more potential applications in bionics [6, 7] .
Memristors are electronic devices whose resistance depends on the history of electrical stimuli [8] . Among them, a metal/oxide/metal structure is one of the most studied device configuration for non-volatile memory applications with high endurance, long retention, fast operating speed, and potential compatibility to the complementary metal oxide semiconductor (CMOS) technology [9, 10] . Memristive devices have also been studied for artificial neural systems to mimic the behaviour of synapses [11] . Despite significant relevance, the conventional integration strategy via CMOS technology is not valid for e-skin application and other strategy has seldom been explored. In this work, we demonstrated a memristive device with a Pt/Ta2O5/Ti structure interfaced with a commercial force sensitive resistor (FSR) based touch sensor. This system can be operated in "setting mode" and "resetting mode". In the setting mode, the memory was switched to an on state when the FSR was pressed to a fixed value. The state of the memory cell can be stored after retrieving the temporary stimulus from the force sensor. In resetting mode, the memory cell was switched to the off state by another stimulus. Thus, a transient input to the sensor can be written/erased in the form of long-term memory. This preliminary study will enrich the field of e-skin by triggering advances towards memorable e-skin.
II. FABRICATION AND CHARACTERIZATION

A. Memory device fabrication
Pt/Ta2O5/Ti structure was used in this work for a memristive device. First, 40 nm Pt was deposited on a silicon wafer (with 300 nm thick thermal oxide) as the bottom electrode. Afterwards, 30 nm Ta2O5 was deposited by RF sputtering with a power of 300 W at room temperature. After defining the top electrode pattern using UV-photolithography, 10 nm Ti was deposited as the top electrode, followed by 20 nm Pt as an antioxidation layer. The device fabrication process was finalized after a standard lift off process. No thermal treatment was adopted. The schematic of the device structure is illustrated in Fig 1(a) .
B. Memory device characterization
The Ta2O5 based memory has shown bipolar and unipolar switching behaviour depending on its combination with different electrodes [12, 13] . In this work, the virgin condition of the memory cell was the off state. After a 10 V forming process with 50 µA as compliance, the memory cell showed a bipolar switching behaviour with the Pt electrode grounded. The cell can be set stably to the on state under 6 V with 50 µA compliance and reset to the off state under -3 V (see Fig 1b) . Retention and endurance tests were performed to characterize the memory device further. For the retention test, two memory cells were switched to the on state and off state respectively. The resistance in both states showed insignificant change after 5x10 4 s as shown in Fig 1c. The endurance was tested in DC mode. The device showed a stable performance for 80 set and reset cycles (Fig 1d) . It should be noted that the on/off ratio of the memory cell was purposely kept low by gentle set/reset electrical stimuli, in order to obtain a more stable switching performance. The memory window in the endurance test is higher than 3. Practically, a memory device with a memory window of ~1.2 to 1.3 can be used if it is integrated with dedicated amplifying circuit, as a commonly adopted strategy in magnetoresistive random access memory [14] . The yield of the memory devices is around 50%. Others cannot be switched reliably. How to increase the device yield and device performance will be one of the focus in the future study.
C. Sensor characterization
A commercial FSR was used in this work for a proof of concept. Before integration, the output signal was characterized with different force inputs calibrated by a load cell. The initial reading of the FSR was higher than 2 GΩ (Open loop in multimeter). This reading decreased from 193 kΩ to 62 kΩ when the force input was increased from 0.37 N to 0.59 N (Fig 2) . The commercial sensor can be replaced by other custom sensors, which will be one aspect of future study. In this work, attention is focused on the interface between the sensor and the memory cell, as discussed in the next section. Fig. 3 illustrates the schematic of the realized sensor memristor interface circuit. The circuit is divided into various blocks. The Tactile Sensing Block uses OpAmp3 as a comparator where there are two voltage dividers. The FSR along with resistor R13 serves to convert the force input to a voltage output. This voltage is compared against the voltage across R12 of the voltage divider formed by R11 and R12. As the force increases, the resistance of FSR decreases, which further drives the tactile stimulus output (Tact) to turn on. In the absence of a tactile stimulus, the Tact output from the Sensing Block remains low. Under this condition, the memristor node a is connected through the switching block to node b of the Readout Block via switches SW2 and SW8. OpAmp2 serves as a comparator. Output from the two voltage dividers are compared-the first output for comparison is formed by the memristor and R6 while the second is formed by the R7 and R14. To avoid altering the state of the memristor, the readout is carried out by supplying voltages ~10mV across the memristor. The voltage to the memristor-R6 voltage divider is provided by the Readout Voltage Block. The Readout Voltage Block comprises of the resistor R1 and Zener diode Z1 (4.7 V), supplying a constant voltage across voltage dividers R2 and R3 and resulting in a net output voltage of 25 mV. OpAmp1 works as a voltage follower. If the memristor is in the on state, the comparator OpAmp2 drives the LED through Q2 and R9. Otherwise, the LED remains off. When the Tact stimulus reaches a high value, the memristor gets either set or reset, depending upon the condition of switches SW3, SW4, SW5, SW6 controlled by the SET/RESET (S/R) signal. Specifically, when the S/R signal is high, the switches SW4 and SW6 are ON resulting in the memristor being connected to the SET Block (setting mode). The purpose of the SET Block is to apply 6 V to set the memristor with current compliance. This compliance is given by (VZ2-0.65 V)/R5 (~50 µA), which is the testing condition mentioned in section II. When the S/R signal is low, the switches SW3 and SW5 turn on and the memristor connects to the RESET block (resetting mode). The RESET block is formed by the resistors R10 and Zener diode Z3 which gives an output of -2.4 V across the memristor by the polarity reversal across the switches, thereby resetting the memristor.
III. INTERFACE BETWEEN MEMRISTOR AND SENSOR
The circuit was then implemented with the memory and FSR tactile sensor mentioned above and tested with a data acquisition board from National Instruments (NIDAQmX USB-6363) board in a differential read out mode. Force input was manually applied to the sensor (Fig 3) . A LabView virtual instruments (VI) program was developed to monitor the voltage drop across the memristor and the voltage across R13 given by the FSRresistor R13 voltage divider. As shown in Fig 4, in setting mode , when the force stimuli are applied to the FSR tactile sensor, the voltage across the FSR-resistor divider increases from 0 V to ~3 V. When it reaches a threshold, the Tact output turns on causing the memristor to get connected to the SET block through the switching block. This causes the voltage across memristor to rise from 0 to 6 V, setting the memory cell to the on state. Similarly, in resetting mode, the memristor receives a reset voltage of -2.4 V from the RESET block when a stimulus over a pre-defined threshold is applied to the FSR tactile sensor. The memory cell is therefore reset to the off state. This validates the working of the circuit through which sensory stimuli are converted into long-term memory. Further study could involve an endurance test of the memristive device by programming force stimuli to the tactile sensor.
IV. CONCLUSION
The interface between a memristive device and touch sensor has been demonstrated to work well. The memory cell can be set and reset by signal input from the sensor and indicated by a LED. Thus, the transient stimuli to the sensor can be converted to non-volatile stored data in the memory cell. We believe this integration strategy can be used in e-skin for large tactile data handling over long-term use as in humans.
